BROWN  PNIVERSITY 
PlCflBEICE,  i.  L 


/§7e^’^  5i5 


DIELECTRIC  COATED  ANTENNA 
BY 

SAID  mmmmi 


'TBOHSICi’^'  LIBIASY 
u  g  k&M  OSDBAIOB 
ABBSBB£a  PEOfISa  S£OOi1>.  IB- 
osDBia-'a 


Q: 


^amdtidfe  ‘^e4€m€^  ■  ^aSmatmced 
O^^ice  f4€m4pzce  ^edemcd 

Scimtc^  p47  456f/i0 


fmm  W/ 


AFCRL 

DIELECTRIC  COATED  ANTENNA 

By 

Said  Koozekanani 

Scientific  Report  AP 
DIVISION  OP  ENGINEERING 
BROWN  UNIVERSITY 
PROVIDENCE,  RHODE  ISUND 
May  1961 

Contract  Monitor:  Dr,  Werner  W,  Gerbes 


“The  research  reported  in  this  document  has  been  sponsored  in  part  by  the 
Electronics  Research  Directorate  of  the  Air  Force  Cambridge  Research  Lab¬ 
oratories,  Office  of  Aerospace  Research,  and  by  the  Office  of  Naval  Re¬ 
search  and  the  David  Taylor  Model  Basin,  The  publication  of  this  report 
does  not  necessarily  constitute  approval  by  the  Air  Force  of  the  findings 
or  conclusions  contained  herein.” 


Contract  title: 

Contract  number: 


/ 

1' Research  Directed  toward  the  stucfy  of  Radiation  of  Elec- 


^t^magnetic  Waves  ^  ^ 

AF  19(60li)-ii56l 


Best  Available  Copy 


TEOHUrOAL  LIBEAST 
u  S  ARMY  OSDHASOE 
ABEEDEEK  PEOV.NG  GEODED.  10). 
_ OEDBG-TL 


••Eequests  for  additional  copies  by  Agencies  of  the  Depart¬ 
ment  of  Defense,  their  contractors,  and  other  Government  agencies 
should  be  directed  to  the : 


ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 
ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA" 


"All  other  persons  and  organizations  should  apply  to  the: 


U.  S.  DEPARTMMT  OF  COMMERCE 
OFFICE  OF  TECHNICAL  SERVICES 
WASHINGTON  25,  D.C.'» 


AF-4561/IO 


TEOHNTOAT.  LIBIAST 
TJ  S  ARMY  OBDBASOt! 
ABERDEEN  PROVING  GROUND,  MD. 
_ O&DBG-TL  _ 


TABLE  OF  CONTENTS 

Page  No, 

Acknowledgment  i 

Abstract  i  i 

Introduction  1 

I»  General  Discussion  3 

H.  Potential  Function  for  Region  1  6 

HI.  Potential  Function  for  Region  2  8 

IV.  Potential  Function  for  Region  3  12 

V.  The  Continuity  Conditions  13 

VI.  Surface  Waves  and  the  Radiation  Held  21 

A, .  Significance  of  Poles  of  Integrand  22 

B,  Position  of  Poles  23 

C,  Physical  Consequence  of  the  Poles  of -Region  (iii)  26 

D,  The  Branch  Points  27 

E,  The  Path  of  Integration  27 

VII.  The  Radiation  Pattern  29 

VIII.  Efficiency  32 

IX.  ’  Admittance  37 

Appendix  (i)  Convergence  of  the  Integral  C^  39 

Appendix  (ii)  The  Solution  of  the  Infinite  Set  of  Equations  ill 

Appendix  (iii)  An  Alternative  Method  to  obtain  b^  and  U3 

Appendix  (iv)  Solution  of  the  Problem  in  the  Absence  of 

Dielectric 

Appendix  (v)  Nonexistence  of  Coaxial  Modes  in  Region  (2)  ii7 

Appendix  (vi)  Calculation  for  IAq  iiS 

References  50 


AF-4561/10 


i 


Acknowledgment 

The  author  wishes  to  express  his  thanks  to  Professors  V«  M.  Papadopoulos 
and  R.  D.  Kodis  x^ho  were  his  advisers  daring  the  research  leading  to  this  paper. 
He  is  indebted  to  both  for  helpful  suggestions  and  counseling. 


TEOKf TOAL  LIBEAET 
,  V  S  ARMY  ORDSAlfOE 
ABEEDEEM  TROY. EG  GROUED,  MD. 
ORDBG-TL 


AF-4561/10 


ii 


ABSTRACT 

Propagation  of  electromagnetic  waves  in  a  coaxial  system  is  investigated. 
The  configuration  is  that  of  an  idealized  dielectric  coated  antenna  standing 
perpendicularly  on  a  perfectly  conducting  plane  being  fed  coaxially  at  its  base. 
The  method  used  involves  integral  transforms  and  leads  to  an  infinite  set  of 
simultaneous  linear  equations  relatii^  an  infinite  number  of  unknowns.  By 
proper  choice  of  transverse  dimensions  only  a  finite  number  of  equations  and 
unknowns  need  be  considered.  It  is  therefore  possible  to  obtain  expressions 
for  the  anplitude  of  the  surface  wave  and  the  admittance  of  the  antenna. 
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INTRODUCTION 


The  purpose  of  this  paper  Is  to  solve  a  boundary  value  problem  related  to 
wave  propagation  in  a  coaxial  system.  The  system  consists  of  a  dielectric-cov¬ 
ered  cylindrical  conductor  protruding  from  an  infinite  flange  and  extending  to 
infinity.  The  center  conductor  and  its  dielectric  shell  are  extensions  of  a 
coaxial  transmission  line  which  is  terminated  at  the  flange.  The  surfaces  of 
the  flange,  the  coaxial  line  and  the  center  conductor  are  assumed  to  be  per¬ 
fectly  conducting.  This  problem  is  the  idealization  of  an  antenna  problem  in 
which  a  vertical  dielectric-coated  cylinder,  standing  on  a  horizontal,  perfectly 
conducting  ground  is  fed  by  a  coaxial  line, 

A  general  solution  for  this  boundary  value  problem  is  found  in  terms  of 
an  infinite  number  of  linear  equations  with  an  infinite  number  of  unknowns. 

These  unknowns  are  related  to  the  scattering  coefficients  at  the  end  of  the 
tr^smission  line.  The  solution  is  obtained  by  generalizing  the  method  used 
by  N,  V.  Zernov  to  solve  the  problem  of  radiation  of  electromagnetic  waves 
from  a  circular  wave  guide  [ij.  The  field  cou^sonents  are  found  in  terms  of 
an  infinite  series  whose  coefficients  are  determined  by  solving  the  infinite 
set  of  linear  equations.  However  by  a  suitable  choice  of  the  transverse 
dimensions  of  the  line,  the  infinite  set  may  be  approximated  by  just  one 
equation.  From  this  equation  one  can  find  the  reflection  and  transmission 
coefficients  of  the  dominant  mode  of  the  transmission  line. 

The  geometry  of  the  problem  suggests  that  a  surface  wave  of  the  Sommerfeld- 
CJoubau  type  will  propagate  along  the  semi-infinite  dielectric-coated  conductor  in 
the  half-space.  Expressions  are  foxmd  for  the  amplitude  of  the  surface  wave,  the 
radiated  energy  at  great  distances,  the  coefficient  of  reflection  and  the  ratio 
of  energy  carried  by  the  surface  wave  to  the  total  energy  delivered  by  the  line. 
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The  final  expression  for  the  ratio  of  energy  in  the  surface  wave  to  the  input 
energy  can  be  employed  in  choosing  the  dimensions  of  the  system  so  that  the 
dielectric-coated  rod  will  transfer  energy  efficiently.  Such  information  can 
be  useful  in  the  design  of  television  systems  or  high  frequency  links  [2], 
Problems  similar  to  this  one  have  been  treated  by  Papadopoulos  [3]^ 
Schelkunoff  [ii]  and  Zernov  [1].  This  particular  problem  is  an  extension  of 
work  done  by  Papadopoulos,  the  difference  lying  in  the  addition  of  the  dielec¬ 
tric  coating. 
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I.  GENERAL  DISCUSSION 


In  the  problem  to  be  considered  cylindrical  coordinates  (r,<p,z)  will  be 
used,  as  shown  in  Fig.  1.  An  infinitely  long,  conducting  cylinder  of  radius  b, 
covered  by  a  lossless  coating  of  radius  a  (a>b)  with  dielectric  constant 
and  permeability  is  placed  coaxially  in  the  region  -  <»<z<0  within  a 
circular  pipe  of  radius  a,  and  extends  to  infinity  in  the  half  space  z>0.  The 
plane  z  =  0  terminates  the  circular  guide  and  is  perfectly  conducting  in  the 
region  r>a.  A  symmetrical  transverse  electro-magnetic  wave  (TEM)  is  assumed 
to  propagate  within  the  guide  with  a  time  dependence  of  the  form  exp  (-Icot). 

The  azimuthal  angular  dependence  of  the  field  is  taken  to  be  zeroj  i.e.  9/dq)  *  0. 
The  field  components  Hr,  Hz  and  E^  are  therefore  null. 

Since  the  longitudinal  component  of  the  magnetic  field  is  zero  and  since 
the  medium  is  isotropic  and  homogeneous,  the  entire  field  can  be  derived  from 
a  scalar  wave  function  1  |  or  in  this  case  from  the  axial  con^jonent  of  the 
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electric  Hertz  vector  The  field  conoponents  of  these  syinmetrical  modes  are 

given  by  the  following  relations: 


E  =  ^  t  > 


E 

r  3zdr 


H  »  i406 
<p  or 


The  function  ^  satisfies  the  wave  equation. 


=0, 


(1) 

C2) 

(3) 

ih) 


subject  to  appropriate  boundary  conditions. 

To  solve  the  problem  we  consider  three  distinct  regions  as  shown  in  Pig,  1, 
namely: 

Region  1,  b<r<a,  -<»<z<0 
Region  2,  b<r<a,  0<z<»j 
Region  3}  a<r<<».,  0<  z<oo. 

Potential  functions  are  obtained  by  finding  the  solution  of  (U)  appropriate  to 
each  of  the  above  three  regions  and  satisfying  the  necessary  boundary  and  con¬ 
tinuity  conditions.  The  boundary  conditions  which  ^  must  satisfy  are; 

2 

- 1  +  =  0  at  r=b,  r=a,  z<  0  Reg,  1; 

3  z  “ 

02^ 

- 2  ®  ^ 

3z  “ 
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The  continuity  conditions  are: 

®1  ®zl  “  \  ®z2  ^  “  ®<P2 

at  the  boundary  between  regions  1  and  2; 

®z2  "  \3  *  ^  ®1  ^2  “  ®2  ^3 

at  the  boundary  between  regions  2  and  3. 
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II.  POTENTIAL  FUNCTION  FOR  REGION  1. 

The  solution  of  (U)  in  region  1  which  satisfies  the  required  boundary  con¬ 
ditions  has  the  form  [6], 


iYo^  • 

*<pe  +2affi  (a  r)e  «  (^) 

^1  ^00  n=o  n  ^on  ^  n  ^  ^  ' 


where 


and  constant  is  the  propagation  constant  of  the  n-th  mode, 

a^  is  the  amplitude  coefficient  of  the  n-th  mode,  and  a  =  is  the  n-th  positive 
zero  in  order  of  magnitude  of  the  function. 


J^(oa)  Y^(ab)  -J^(ab)  Y^(aa)  =  0  .  (?) 

The  potential  function  i|f^  is  made  up  of  a  forward  going  TEM  wave  of  amplitude 
one,  a  reflected  TEM  wave  and  an  infinite  number  of  circularly  symmetric  trans¬ 
verse  magnetic  modes  which  propagate  in  the  back-ward  direction  and  form  the 
scattered  field.  Each  of  these  modes  satisfies  the  required  boundary  conditions. 
Their  collective  presence  is  necessary  to  satisfy  the  required  continuity  con¬ 
ditions  at  z  =  0.  By  symmetry  the  TEM  mode  excites  only  those  higher  modes 
which  have  no  <p  dependence. 

If  we  substitute  in  (U),  the . following  relations  between  the  con¬ 

stants  and  the  propagation  constant-  are  found  to  hold; 
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Yq  »»  >  “o  “  ® 

¥e  take  that  branch  of  the  square  root  for  which  0<argYjj<ff*  for  n>0,  and 
with  the  appropriate  coax  geometry  we  can  assure  that  n>l. 

This  choice  allows  the  dominant  mode  which  has  zero  cut  off  frequency  to  prop¬ 
agate  j  all  other  modes  are  cut  off  and  decay  exponentially  at  a  rate  that  in" 
creases  with  n.  For  large  values  of  n  the  propagation  constant  of  the  n-th 
mode  can  be  accurately  approximated  by. 


2  2 


2  2 
n  tr 


(a  -  b)- 


For  n>l,  Y^  is  a  negative  niimber. 


(9) 


• 

The  choice  is  made  so  that  the  radiation  condition  at  -<»  will  hold.  For  the 

n-th  mode  exp[-ln(RgT„  +  if 

I  Y„>0  «  „  exp(-iY„z)  —  0  as  z  —  -  to  . 
m  n  on  n 
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III.  POTENTIAL  FUNCTION  FOR  REGION  2. 

To  find  the  potential  function  for  region  2  of  dielectric  constant 
and  permeability  |ji^  ,  we  use  the  Fourier  integral  cosine  transform  pair  which  is 
usually  written  in  the  form, 

S(X,r)  «  /”t|r  (r,z)  cosXzdz  , 

0 

and  t  (r,z)  ■— /*S(X,r)  co^zd  , 

"  0 

If  we  multiply  (it)  by  cosXzdz  and  integrate  between  zero 
the  following  result; 

or 

Representing  the  differential  operator  in  (12)  by  L  we  have, 

LS(X,r)  .  (13) 

The  solution  of  (13),  involving  the  Hemitian  operator  Ly  can  be  represented  by, 

S(X,r)  =  f(X,r)  +  g(X,r),  (lU) 

where  f  is  the  inhomogeneous  solution  .and  g  is  the  homogeneous  solution 
(i.e.  Lg  =  0). 

In  region  2,  the  functions  i  ®  X*  2,  3j  •  •  •  are  the  eigen 

vectors  of  the  differential  operator  L  with  eigen  values  Xj  (X.  4  X.  ,  for 
j  ^  i)  and  form  a  denumerably  infinite  dimensional  orthogonal  basis.  Any 
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and  infinity,  we  obtain 
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function  in  this  space  can  be  -uniquely  represented  in  terms  of  its  components 
along  this  orthognal  system.  We  can  therefore  e3q)ress  the  inhomogeneous 
solution  f 


^  ■  i^o  I'i  • 


(15) 


Let, 


^  2  g.  <p  .(a.r)  , 

3z  z=o  o  i  ^01  1  * 


(16) 


•where 


^  (*ol*  »oi> 


(»oi> 


and  the  bracket 


notation  is  defined  by  (p,q)  *•  /  r  p  q  dr«  Substituting  for  f  and 

b 


dz  z*»o  (13),  we  find  that. 


2  if.  X .  ffi  .  *  Z  g.  <P  .  • 

^  1  i  ^oi  ^01 

0  i=o 


(17) 


§5 


From  (17)  we  have  f  j  “  ^7  hence. 


f  =  ^  (p  •  (ji.r), 

i=o  X^  ^01  '  i^-'' 


(18) 


The  eigenvalues  X^  can  be  found  by  direct  substitution  of  <pQ^(“j^r)  in  (12), 
2  2 

X^  *  -  X*^  ,  Substituting  for  X^  in  (l8),  we  get: 


f  = 


2 

i=b 


.  X2 
i 


<p<,i(V> 


(19) 


If  we  substitute  (19)  in  (lit)  and  take  the  inverse  Fourier  transform  we  get, 
AF-4561/10 
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0» 

z 

i“0 


% 


•  Jo 


oo 

g(X,r)cosXadX, 


or  after  integration, 

oo 

*2  "  1=0  ^i^oi^^ir^®^^^*^  Q(X,r)cosX^dX  ,  (20) 

Jo 


where  the  constant  ~  has  been  absorbed  by  the  unknown  functions,  b.  and  G(X,r) 

TT  *  ^  1  '  ' 

2 

(G(x,r)  ■  —  g).  It  should  be  noticed  that  the  unknown  homogeneous  solution 

tr 

g(X*r)  is  nondenximerably  infinite  or  g(X,r)  is  a  continuous  function  while 
the  b^  -  s  are  countable. 

The  homogeneous  solution  G(X,r)  is  chosen  as  follows. 


where 


(20)a 


A^(k^r)  =  J^Ck^r)  (k^b)  -  (k^b)  (lc[r):,  (21) 


and  k^  =  \/k^  «  X^  with  0  <  arg  \/k^  -  X^  <  n  , 

The  choice  for  G(X,r)  in  (20)a  is  made  to  facilitate  the  matching  of  the 
boundary  conditions, 

.iYiZ 

In  region  2,  coaxial  modes  of  the  type  cannot  exist,  sO  the 

residues  of  the  integral  in  the  conq^lex  X-plane  of  (20)  must  cancel  all  such 
modes,  and  it  will  later  on  be  shown  that  such  modes  are  cancelled,  satisfies 

the  boundary  condition  at  r=b,  z>0  and  the  integral  converges  uniformly  for 
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large  X  if  5(X)  is  well  behaved.  ¥e  will  see  in  sec.  V  that€(X)  in  fact 
behaves  nicely  when  X  is  greater  than  a  constant  X'  and  converges  uniformly 
to  zero  as  0(X“  )  when  X  -*>  •  , 
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IV.  POTENTIAL  FUNCTION  FOR  REGION  3: 


For  region  3  of  dielectric  constant  6^  and  permeability  Hg,  folloxriLng 

I 

a  line  of  argument  similar  to  that  of  in  terras  of  an  integral 

function,  i.e. 


^  J*  cosXzXdX  , 


(22) 


where  F(X,r)  =  ^  (X) 


H 


d) 


(kgr) 


k^.x^ 


and 


-M 


We  take  again  that  branch  of  the  square  root  for  which  0<arg  (v«2  -^^)  <  ^  f 
and  to  satisfy  the  radiation  condition  at  infinity  we  assume  the  free  space 
propagation  constant  k^  to  be  k^  =  +  i6  where  6  is  a  small  positive 

real  number.  F(X,r)  is  associated  with  the  cosine  Fourier  transform  of  >^2  . 

satisfies  the  boundary  condition  at  z=0,  r>a  and  the  radiation  condition 
at  infinity.  At  large  dj. stances  ■  behaves  as,  ^ 

r  dXf(X)  e^^  [\/k2  -X^  Oos0  +  sinB],  (23) 

2  2  2 

where  0  is  the  polar  angle  and  R  =  z  +  r  . 
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V.  im  CONTIFJITI  CONDITIONS 

The  continuity  of  the  tangential  and  nomal  components  of  electric  and 
magnetic  fields  across  the  boundaries  of  the  three  regions  give  the  following 
relations: 


and 


2  ^*2  2 


r=a,  0<z<<»  }  (2ij.) 


353F  =  ®2  > 


r=a,  0<z<oe  j  (25) 


8^2  3\L 


r=a,  0<z  <  «  I  (26) 


9zdr  “  dr9z  * 


b<r<a,  z»0  j  (27) 


3^1  2  3^+2  j 

'1  3,2/  'Ah  ■  '1 17  *  'Ah  > 


b<r<a,  z»0  ;  (28) 


^"1  —  =  ^"2  ^  ’ 


b<r<a,  z«0  *  (29) 


In  equations  (5),  (20)  and  (22)  for  f  there  are  four  sets  of 

unknowns,  namely  the  b^,  a^,  ^(\)  and  ^(X),  The  unknowns  can  be  found  from 
four  of  the  six  continuity  conditions  given  above,  since  two  of  them  are  not 
independent.  For  example  (25)  is  a  consequence  of  (2U)  and  (26)j  similarly  (28) 
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follows  from  (2?)  and  (29).  The  four  unknowns  are  therefore- uniquely- 
determined  by  condi-td  ons  (2ii),  (26),  (28)  and  (29). 

The  functions  ?(X)  and  ^  (X)  are  determined  by  substitution  of 
and  tg  in  C2l|)  and  (26). 

The  first  gives, 

5  (X)  cosXzdX  ■  jT*  (X)  cosXzdX, 

and  thus, 

€(X)  =  ^  (X)  .  (30) 


Substituting  the  abo-ve  relation  in  (26),  we  obtain. 


b^  iY^z  “  ,  iY  z 

~  e  e  2  b  q  9  (a  a)e  ^  + 

l  a  1  n=l  n  n  on  n 


(31) 


^  /. «  C(X)cosXz 

^  A  ' 


l4^^k'a)  • 


I  /"o  2 

where  kg  «  V  kg  -  X  , 


•  .  ,  I-  »  -  .  •  .  __  » 


-Agdc^a)  =  -J^(k^a)  Y^(k^b)  +JQ(k3^b)  Y^(k^a) 


and  a)  has  already  been  defined  by  (21);  the  prime  in  the  expression 

(p^nC^n®^  denotes  differentiation  with  respect  to  the  argument.  Equation  (31) 
can  further  be  simplified  by  making  use  of  the  Wronskian  relation,  which  for 
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the  pair.  J  r)  and  Y^(a  r)  is, 
on  on 


"’o<V) 


ira  r 
n 


(32) 


With  the  help  of  (32)  and  (?)  we  can  write  equivalent  form, 


-V(“n'’)  ■  •' 


(J^(a^a)  Y„{a^a)  -Jja_^a)  Y^(a^a))  , 

o  n 

“n®  ' 


Making  use  of  the  above  e3q>ression  and  rearranging  (31) >  we  get. 


—  0  «M  «-iM  «  Q  '"I/ .  ■  t  © 

a  ira  n=l  n  J^(a^a) 


(33) 


op 


-k(x) 


eg  Hj^^(k2a) 


HP(k2a) 


A2(k^a) 


I  .  I 


cosXzdXt 


The  argument  of  the  integral  in  (33)  is  the  cosine  Fourier  integral  transform 
of  the  left  hand  side.  Using  (11),  we  obtain. 


*2  1 


t  .  I 


€(X) 


o  I  K  o  Z  iY„z 

I  (f  ®  °  -  la  h  \  ® 

J  0 
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Similarly,  substitution  of  i(f^  and  fg  from  (5)  and  (20)  In  to  relation  (29) 
rosults  in, 

a  **  b  * 

I  +  +  Jin  (««*•)  •  ‘:r*  Jin 

r  r  n“i  n  n  ^on  n  r  n"l  n  n  on  n 


Eliminating  the  a^  by  means  of  (36)  we  obtain 


^2(lc[r)€(^) 

A^(lt[r) 


2(l“b^)  I  -  A 

o  r  n«»i  n  n  on  n 


Equation  (38)  has  the  form  of  an  expansion  in  terms  of  the  orthogonal  cylindrical 

.  ■*  , .  t 

harmonics  Qyj(®j^r)  where, 


“  0  « 

▼00  r  '  o 


If  we  multiply  p8)  by  *‘^on^®n^^  orthogonality  relations, 

assuming  that  chajiglng  the  order  of  Integration  and  summation  is  permissible,  we 
Shall  have  an  infinite  set  of  linear  equations  for  b^^  •  Following  the  above 
discussions,  we  get. 


Tj(X)dX  -  2(l-b„)  b„a„  ,  (to) 
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where, 


/»00 


mn 


dX 


(r‘-x2)(r^x2) 


kjnPck'a)  "  Y'4 


AldJa)  / 


6  -j^  A2  ( ki 


(h^) 


If  the  coefficients  of  the  unknowns  in  the  linear  set  of  equations  (1+3),  (UU) 
are  made  small  the  infinite  set  may  be  approximated  by  a  finite  set  and  b^ 
the  transmission  coefficient  can  be  found  accurately.  The  coefficients  include 
the  integral  expression  c^  which  is  bounded  and  whose  integrand  converges  as 
0(X"^)  for  X  »1. 

If  in  (U^)  we  substitute  p  for  b/a,  a  for  k^^a  =  a/^t  ^  and  p  ,®  kg/k^  , 
the  integrand  can  be  made  non-dimensional.  It  can  be  shown  that  when 

Q  V\  I 

6  B  — I —  c:  (1  -  p)a  approaches  zero,  occuring  when  p  -►  1  and  a  t  0,  c  is 

A  '  iiui 

of  the  following  order: 


m,  n  =1=  0  ; 


c 

om 


c  “^0(e-^),  m 
mo  '  ' » 


+  0 


c 

00 


-*0(e) 


For  the  case  when  a  -*•  0  and  p  1, 

c_„  —  O(e^),  for  all  m  and  n  . 
mn  '  '  ^ 


^Appendix  (i) 
i"  k  =  wavelength/2Tr 

^^Appendix  (ii) 

TEOKTfTOAL  LTBEASY 
V  C>  A  EMI  0ETJ>1A1»0E 
ABEEDBEM  PEOV'SG  G-EOUisl),  KD. 
0IiD2a*TL 
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Consider  the  case  when  p  -►!,  a  ®  0^  and  let  e  -►  0. 

If  we  neglect  all  b  for  n  >  1  the  coefficients  of  reflection  and  transmission 

n  — 

become: 


and 


b 

o 


1 

1  -  p 
*^0 


(U6) 


a 

o 


(U7) 


where 


i  Y  c 

B  =  .J2..92. 
°  ira  logS 


If  we  take  one  more  term  and  neglect  b^  for  n;>  2,  we  obtain. 


1 

1  -  B 
^o 


(1 


0(6^) 


)  , 


(U8) 


and 

b^  =  0(e)b^  . 

Continuing  in  this  manner  we  see  that  the  inclusion  of  higher  members  of  the 
sequence  b^  has  little  effect  upon  b^  • 
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VI.  SURFACE  WAVES  AND  THE  RADIATION  FIELD. 

The  potential  function  can  now  be  put  in  its  final  form  by  sub¬ 
stituting  in  (22)  ^(\)  from  (30)  and  (3U).  Thus  we  obtain, 

fcO 

o  ^ 


J  (a  b)  Y 
o'  n  ’n 


n=l  2  2  2 

’  Y\  • 


b  Y 
ff  0^0 

,2  “  2  2 


where 


T/’-v )  -  !2  ^^2^  ®1  ...  . 

-  ,  ““/u -t  -  -rr  - j -  ,  (50) 

kj  A,(kj^a) 

Siace  the  integrand  of  (U9)  is  an  even  function  of  X  ,  we  can  represent  cosXz 
by  its  exponential  form  and  combine  the  two  terms  into  a  single  integral  from 
“  «•  to  +  •  .  The  resulting  integral  may  be  simplified  by  substituting  non- 
dimensional  quantities  p  ,  a  and  p  f or  b/a,  kj^a,  and  kg/k^  in  the  integrand, 
As  the  result  of  the  above  manipulations  we  obtain, 


«o 


^  2  b  g 

„2  n=l  n  -r^Ta)  .^2^2  _  ^2  “  n  ^2  _  ^2 


where 


J  &^(u) 
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6^  (u)  =  Jj^(u)  Yq{pu)  -Jq(pu)  Xj^(u)  , 

6o  (u)  =  Jq(ti)  \(P^)  “JqCpii)  > 

X  =  Xa,  u  =  -J -  x^  and  ▼=*  }/ p -  x^  , 

The  integral  along  the  real  axis  (5l),  may  now  be  transformed  to  a  contour 
integral  in  the  complex  x-plane.  The  path  of  integration  will  be  chosen  to 
guarantee  the  convergence  of  the  integralj  but  before  determining  the  actual 
path,  we  must  investigate  the  poles  and  the  branch  points  of  the  integrand. 

A  -  THE  SIGNIFICANCE  OF  THE  POLES  OF  THE  INTEGRAND. 

The  poles  of  the  Integrand  in  the  complex  x-plane  that  give  physically 
significant  results  are  those  that  are  situated  on  the  real  or  the  imaginary 
axis.  The  residues  of  any  poles  on  the  imaginary  axis  would  yield  terms  of 
the  form 

const  +  x^  -  )  e 

These  are  Zeneck  surface  waves  which  propagate  radially  outward  along  the 
surface  z=0  but  attenuate  in  the  z-direction  [8].  The  residues  of  the  poles 
on  the  real  axis  (  |Xj^  |  >P  <?  )  give  terms  of  the  form 

const  H^^^(iv/x^  -  |)  » 

which  unlike  the  former  waves  propagate  unattenuated  in  the  positive  z-direction 
and  are  guided  by  the  dielectric  coating.  These  surface  waves  decay  exponentially 
in  the  radial  direction  and  are  of  the  Sommerfeld-Goubau  type.  The  residues  of 
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the  coit5)lex  poles  of  the  integrand  give  waves  which  decay  exponentially  both 
in  the  z  and  r  direction  and  have  no  physical  interest. 

B  -  POSITION  OF  POLES. 

Although  poles  of  integrand  seem  to  be  situated  at  the  points  x®+aYj^ 
where  n=o,  1,  2^  ......  a  Laurent  series  expansion  about  these  points 

shows  that  l(ujv)  has  simple  poles  there.  Thus  these  points  (x=+i^a)  are 
in  fact  ordinary  points  of  the  integrand.  To  locate  the  significant  zeros 
of  I(u,v),  we  can  make  the  following  classification  (x=s+it): 

(i)  The  imaginary  axis  s=o  ,  o<|t|<“  j 

(ii)  The  real  axis  t=o  ,  o<|sj  <  pa  j 

(iii)  The  real  axis  t=o  j  Per  <  |s|  <  d  , 

(iv)  The  real  axis  t=o  ,  a  <  js|  <  •  . 

(i)  For  s=o  ,  o<  |t|<"  , 

If  we  set  x-it  in  (5l)  and  equate  the  result  to  zero  we  obtain, 

+  t^  )  JjC/a^+t^  )  I^Cp/a^+t^  )-J^(p/ 

S  «  ■■■  »MI  I  II  ||  . .  I  11  Ill  1  i  — 11—  tl  

/p  v  +  t^  #(v/pV+ t^)  J^(v4r2+t2  )  Y^(p/a^+t^  )  - J^(p y +t^ ) I^( ) 

(53) 

If  there  are  poles  on  the  imaginary  axis,  (^3)  must  be  satisfied  for  some  real  t  . 
However  the  L.HoS.  is  a  conplex  number j  more  over  the  imaginary  part  of  the  L.S.H. 
is  given  by 
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■which  is  positive  for  all  real  values  of  t.  Thus  for  all  finite  values  of  x 
■  I(u,t)  is  different  from  zero,  and  there  are  no  poles  on  the  imaginary  axis. 

This  is  an  expected  resiilt  since  the  surface,  z=o,  has  no  reactive  component  , 
i.e.  is  not  covered  by  a  dielectric  coating  %^hich  is  necessary  to  sustain 
radial  surface  -wave  (9] . 

(ii)  For  t=o,  0<|s|^cj  , 

To  find  the  zeros  of  l(u,v)  on  this  portion  of  the  real  axis  we  replace 
in  (^2)  X  by  s,  obtaining 


For  o<s<pa  we  have  the  same  situation  as  in  (i);  the  R.H.S.  is  always  real 
while  the  L.H.S.  remains  always  a  complex  quantity  whose  imaginary  part  is  non 
zero  and  so  l(u,v)  has  no  zero  in  this  interval. 

(iii)  For  t=o  Pct<  |s(  <  ct  j 

In  this  region  the  argument  of  the  Hankel  functions  becomes  a  pure 
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imaginary  number  and  the  L.H.S,  of  (5U)  changes  to, 

p\iy/ ) 

-iLhJh: - =—  >  (55) 

y?w  ^o(v4W) 

where  and  are  modified  Bessel  functions  of  the  second  kind  of  zero  and 
first  order; 

=  i  I  (iz)  . 

or  Kj^(z)  =  -  I  . 


(55)  is  a  rapidly  decreasing  function  of  s  with  infinite  value  at  s*+pa 
and  decays  to  zero  as  |  s |  -►  o#  .  To  show  the  existence  of  a  zero  in  this 
region,  let  us  take  the  special  case  p  -*  1  and  expand  every  tem  of  the 
R.H.S,  in  a  Taylor  series  in  the  neighborhood  of  p  =  1.  Taking  the  dominant 
terms  we  have. 


R.H.S.  = 


(1-p) (a^-s^) 


Both  sides  of  (5U)  are  shown  graphically  in  Fig,  (2)  and  we  notice  that  a  zero 
exists  at  the  intersection  of  the  two  curves, 

( iv)  For  t=o  a  <  I  s  I  <  ®  ; 

3h  this  region  the  argumenisof  all  Bessel  functions  in  (5U)  become 
pure  imaginary  numbers.  Replacing  these  functions  by  their  modified  forms  we 
have. 
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^o(/s^-p??)  EIq (v^^-?  )Kj, (P )) 

(55) 

where 

T^W  ‘  Jo(iz)  , 

and  I,{z)  “  -i  Jq^CIz)  . 

The  R.H.S.  is  always  negative  ■JsSsile  the  L.H.S,  is  positive  and  thus  in  the 
finite  part  of  this  region  no  zero  can  exist. 

C  -  PHISICAL  CONSEQUENCE  OF  THE  POLE  OF  REGION  (iii), 

From  the  above  discussions  we  can  see  that  the  antenna  excites  a  single 
surface  wave  mode  of  Sommerfeld-Goubau  type  which  is  sustained  by  the  geometry. 
The  <p  conponent  of  the  magnetic  field  of  this  surface  wave  has  the  form, 

_ _  z 

const  --  p^a^  r)e  °  ^  (57)  ( 

s 

where  is  the  propagation  constant  of  the  surface  wave  and  s^  ®  a\^  is  the 
real  zero  of  I(u,t)  in  the  interval  pc7-<  a  ,  If  we  draw  a  graph  of 


^e  numerator  is  always  positive .  The  denominator  can  be  written  as  follows: 


I  K  (Pv^^)  ^ 


(v4^-®^  )  K  (v^^-o^ 


K^^p-Vpl?) 


.  The  first  term  in 


the  bracket  is  always  greater  than  unity  while  the  second  terra  is  smaller  than 
unity. 
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vs,  for  small  values  of  e  ,  6  *cr(l-p),  we  see  that  we  have  a  linear 
relationship  between  s^  and  a  ,  Fig.  (3).  The  ratio 


const. 


i 


where  is  the  velocity  of  light  in  the  dielectric  medium.  This  shows  that 
the  phase  velocity  of  the  surface  wave  is  constant  for  all  exciting  frequencies 
and  the  surface  wave  has  no  cutoff  frequency.  We  note  that  for  all  frequencies 
the  geometry  sustains  only  one  principal  mode  whereas  in  the  excitation  of  a 
dielectric  rod  with  no  inner  conductor  one  obtains  modes  whose  number  increases 
proportionally  to  the  frequency  (10] . 

D  -  THE  BRANCH  POINTS. 

Because  of  the  logarithmic  singularity  exhibited  by  the  Bessel  functions 
of  the  second  kind,  branch  points  might  be  expected  at  points  corresponding  to 
u  ■  o  and  v  =  o  ,  It  turns  out  however  that  the  function  h(u)  -  =•  - 

is  even  in  u  when  u  -►  o  and  in  that  vicinity  behaves  as  ■?— ,  Thus 

u 

althoiigh  u  is  multivalued  near  the  points  x»+  cr,  h(u)  has  only  simple  poles 
at  these  points.  The  integrand  does  have  branch  points  at  x*+pa  (t  "-O), 

E  -  THE  PATH  OF  INTEGRATION. 


Knowing  the  position  of  the  singularities  of  the  real  line  we  choose  the 
path  of  integration  as  shown  in  Fig,  (U)>  where  the  branch  cuts  are  taken 
parallel  to  the  imaginary  axis .  The  integral  over  the  real  line  becomes. 


\  -  2irl  Z  -  /| 

1 

>  - 

2 

1  Residues 

L  QO  • 

* 

A 

B 


semi-circles 
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In  the  tipper  hsCLf  plane  ip  vanishes  as  R  «  and  the  integral  over  small 

Jr 

semi-circles  can  be  easily  evaluated.  The  integrals  along  the  branch  cuts  give 
us  the  radiation  field  and  in  the  radiation  zone  these  integrals  can  be  evaluated 
approximately  using  the  method  of  saddle  point  integration. 
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VIi:  THE  lUDIATION  PATTERN 

The  <p  component  of  magnetic  field  can  be  found  by  using  (3)^  i.e. 


/»oo 


2®s 

V— I 

air 


dX 


(58) 


*/_oo 


n-1  ”  Y^-X^  ^  Y^-X^ 

n  o 


Since  we  are  interested  in  the  field  at  very  large  distances  from  the  source,  we 
are  justified  in  replacing  the  Hankel  function  in  the  numerator  by  its  asynptotic 
representation.  Thus  we  obtain. 


/CO 


-3Tr. 


air 


^(kgr  +  \z) 


1 

V'-eo 


I  (X) 


J  (a  b) 
o  n 


'n 


,  n  J  (a  a)  „2  2 

n=l  0^  n 


b  Y 
IT  o  o 


2 

'  n 


d\ 


X  , 

m 


The  cylindrical  coordinate  system  in  Tshich  the  fields  are  expressed  is  not  suitable 
for  obtaining  the  radiation  pattern  at  large  distances.  For  this  reason  we  shall 
use  spherical  coordinates  shown  in  Fig.  (5)  where, 

r  =  R  sine  , 

and  z  =  R  cose  . 

The  electric  field  con^ronents  in  this  system  are  found  from  -ioieE  =  i.e. 
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E  «  ■■■  I-  (sine  H„), 

r  toftRsinO  dS  <P 


(60) 


and 


■  3^  Ift 


(61) 


In  spherical  coordinates  ($9)  becomes. 


oo 


2(0  e 


J2 

2 


an 


\^Rsine 


iR[sin  kg  +Xcos] 
H^^^(k2a)  kg  ^/^I(X) 


X 


■-ioo 


:  ,  ^n  TT  Vo 


dX 


(62) 


'In  equation  (6l)  the  integral  can  be  approximated  by  means  of  the  method  of 
steepest  descent  since  R  is  large.  The  saddle  point  is  situated  at  that 
value  of  X  for  which. 


^  (sin  0  kg  +  XcosG)  =  0, 


(63) 


or 


X  =  kg  cos  e  . 


The  contribution  to  the  integral  from  the  neighborhood  of  the  saddle  point  turns 
out  to  be 


e^  g,  (kg  cos©)  , 
R  ^ 


m 
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where. 


g^CkgCose) 


2b 


^  YQ-kgCOS^ 


U  •  b  Y 

--=-2  n'n 
n  a  n=l 


p^^^^Ckga  sine) 
k2sin0H^^^(k2a  sin0) 


(iirf  —  k  l  cQSpg  J 


sinOH^^^Ckga  sin0) 


( 


Jl(v)ypv)-Jo(pv)Yl(v) 


and  V  “  -k2cos^0  .  Up  to  terms  of  order  O(^)  .  The  Poynting  vector  is 


P  -  1  He(Ee*H/)  .  |H„|2 


<P' 


(6$) 


Fig,  (5)  is  a  drawing  of  the  radiation  pattern,  where  for  small  e  only 
the  first  term  of  the  series  has  been  taken.  It  can  be  seen  that  as  the  ratio 


•^1,  the  radiation  becomes  more  and  more  into  the  forward  direction. 
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VIII  EFFICIENCY 

With  a  suitable  choice  of  the  transverse  dimensions  a,  b  and  the  parameter 

/C 

P  =  the  geometry  may  be  used  as  a  transmission  line  to  carry  surface  wave 

energy  from  one  point  to  another.  This  line  has  no  cutoff  frequency.  Single 
wire  transmission  lines  of  this  kind  have  already  been  put  into  use  to  feed 
television  antennas  at  a  carrier  frequency  of  200  MC  [2], 

For  this  application  we  define  the  efficiency  to  be  the  ratio  of  the 
energy  carried  as  surface  wave  to  the  total  energy  delivered  by  the  coaxial  line, 
i.e. 


Power  Propagated  as  S.W, 
Total  Power 


The  total  power  is  found  by  integrating  the  Poynting  vector  on  a  surface  in  the 
coaxial  region  and  at  a  distance  great  enough  for  the  higher  modes  to  have 
decayed 

Replacing  E  and  H  from  equations  (2),  (3)  and  (5)  in  (6?)  we  get, 


'  total 


Similarly,  the  energy  propagated  as  a  surface  wave  along  the  z-axis  is  found  by 
integrating  the  Poynting  vector  over  a  transverse  plane  since  the  surface  wave 
has  no  radiation  in  the  r  direction. 

Following  the  discussion  in  sec.  VII,  the  potential  function  in  region  (3) 
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responsible'  for  the  surface  wave  is. 


‘>'s<o3  "  Res.  of  ij-j  I  ^ 

'  ”  o 


or 


<P 


±k  z 
o 


sa>3  nav?  ^ 


f  I  h  2S-  '  ”  Vo  \ 


m 


where 


s  “  ax  lO')  ' 

h-^o 


(70) 


and 


V3  -  /x2-k2  . 


The  field  components 


±Kz 

H^3  ’=  -M^K^(v2r)e  ' 


(71) 


and 


*r3  ■  -i^“3^t'’3'>^ 


iX-  z 
o 


(72) 


where 


k  ^°2''3  0=1*’”  rg-X|  '  2  Yg-xg 


J  (a  b)  Y 
o'  n  'n 


b  Y 

IT  0-0 


^  , - 

'  ”"<(v3a) 


S(k2-x2) 


(73) 


The  surface  wave  power  propagating  in  region  (3)  is 


(7U) 
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where 


J3  “p  y:  -  (1  +  -y^)  K^Cv^a)] 


,  v^a 


In  a  very  similar  manner  we  can  find  the  field  components  of  tte  surface  wave 
in  region  2,  i.e, 

2r)e  ^  , 


and 


\  iX  z 

^2  "  ^*2  <''2“')® 


where 


AgCv^r)  =  J^^CVgr)  Y^(v^h)  -\(y 2^^)  > 


UixosiVg  \  \  ^  y§-X2 


J  (a  b)  Y 
o'  n  'n 


b  Y 
IT  00 


Mn 


an 


SAj^Cvga)  (1{2->^q) 


(75) 


and 


The  power  propagating  in  the  z  direction  due  to  this  field  is. 


Trx 

P  = 

2  coe. 


rkr 


(76) 


where 


Jl(v2®’)  1^(t^2^) 


■’o''' 2”)  ''o(''2*') 


•’o''’2^)  ^o'''2'>> 


(rri 
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For  the  case  when  e  0,  p  1  and  a  j  0  and  can  be 
approximated  by  the  first  ‘term  of  the  series,  or. 


M. 


2  Vo  ,  .f,2. 

i  -TT  ^  Uv.ajS  ) 

V  /\  i  a 


and 


M, 


2  ^*2  Vo  .  2v 
2  3 


The  total  power  propagating  in  the  two  media  due  to  the  surface  wave  is  found  to 
be, 

2 


b  “■  Uy 

p  =  nccX  I  °(  ^ 

^  o  S' 


^1*^2  ^  ^  ^2\ 
•p 


''2  2^^  ^3^0^'' 3^^ 


+  0(6^) 


(78) 


and  here  the  efficiency  is 


.  ^2 

+  - 


e^logl 


(79) 


The  value  of  S  is 


^  o 


£  2 

[r2K^(r2)  +,  r2K^(r^)  ^(^3)^ 


a\. 


*  jr2  t*’l^2^®oo  ®10^  “  ^’^l^oo^O 


^2^1®oo 


*  4®oi\o  -  4®11®00  ’  « 


(80) 
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where, 


6  =  J  (rj  Y  (r.)  -  J  (r^)  Y  (r^  ) 

ran  n'  1'  m  2'  m'  2'  n'  1' 

r^.a/l4-x2  , 

rj  -  a  v4^  . 
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IX.  AmiTTANCE 


The  driving  point  admittance  of  this  radiating  system  at  z  =  0  may  be 
defined  as. 


(82) 


where 


V(o)  =  E^dr 


(83) 


is  the  voltage  at  the  base  of  the  antenna  and 


K 


o)  -  (f 

•'r-t. 


dr 


(8U) 


is  the  current  being  fed  into  the  half  space.  From  (2)  and  (^)  we  have 


E 


1-a  e-^ir^ 
•  o 


'r3 


iY 

0 


00 

.  2  Y„a  ffi'  (a  r)e“^'''^'^ 
X  'n  n^on^  n  ' 
n=l 


(8^) 


where  the  prime  denotes  differentiation  with  respect  to  r  .  With  the  help 
of  (8^),  (83)  becomes,  . 


V(o)  =  it^  £l-a^]  log  ^ 


(86) 


Similarly  from  (3)  and  {$)  we  obtain, 

l.a  e-2i^o« 


1  jj  _  o 

itoe  <p  ~ 


-iY„z 


(87) 


and  thus  (8U)  becomes 


l(o)  =  2iTicos  [(1  +  a  )  +  b  2  n  <p'  (a  b)]  . 
'  '  '  o'  n=l  n^on'  n  ■* 


(89) 
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Using  (32),  (89)  reduces  tOj, 


1(0)  =  2Tricos  [(1  +  a^) 


2 

jf 


a  ] 
1  ^ 


(90) 


and  so 


T  -  Y 


1+a  2T  ~ 

o  _ o  2  ' 

o  1-a  “  Tr(l-a  )  n=l  ®^n 
o  o 


(91) 


where  is  the  characteristic  ii?5)edance  of  the  coaxial  system^ 


2iTcoe 


O  V  n  a 

^ol°g  b 


(92  a) 


The  first  term  on  the  R.HoS«  of  (9I)  gives  the  admittance  that  would  be 

determined  from  standing  wave  measurements  itade  at  large  enough  distances  in 

the  coaxial  line  such  that  all  the  higher  modes  could  be  neglected.  Figs,  (6) 

1+a^ 


and  (7)  show  graphs  of  real  and  imaginary  parte  of  y" 

b  ° 

ratio  p  “  “  . 


1-a. 


against  the 
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.Appendix  (i)s  Convergence  of  the  Integral  , 

In  (IS)  let  us  substitute  the  following  quantities,,  p  ,  a  ,  x  and  p 
for  h/&g  ka^  Xa  and  kg/k^  •  As  a  result  the  integral  becomes  dimensionless 
and  we  obtain 


mn 


2 

a _ 


.CO 


U  dx  .. 
mn  - 


(92) 


where 


U 

mn 


(  a^Y^-x^  )  ( a^Y^-x^ )  I  ( u ,  v) 


(93) 


The  integral  can  be  transformed  into  a  contour  integral  in  the  complex  x-plane 

coveming  a  path  similar  to  that  of  Fig.  (U).  For  m  and  n  4  0,  on  the  real 

axis  the  integrand  has  a  branch  point  ix|  =  po  ,  a  surface  wave  pole  at 

1x1  =  X  dpo  <x  <  a)  and  a  zero  at  |x|  ■»  o  ,  For  m  «  n  =  0,  U  has  a  pole 
'  *  0  0  ^  00  ^ 

at  |x|  =  a  ,  The  integral  is  bounded  at  its  upper  limit  since,  for 
Xj^ »  6>  o  we  have. 


^00 

U  dx 

ran 

dx  . 


(9h) 


In  the  coit^jlex  plane,  since  the  contribution  about  the  branch  points 
and  the  large  semi-circle  vanish,  we  have. 


2C^  «  2 Residues  on  the  upper  half  plane 


-fu 

I  mn 

Jr 


(93) 
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A*^ 

<  1/  the  number  of  residues  vdll  remain  finite  and  along 

the  branch  cuts  it  can  be  seen  that  U  is  finite  and  bounded.  Thus  the 

mn 

second  term  in  R.H.S.  of  (95)  will  be  a  finite  number  and  so  C  ^  is  finite. 

mn 

( 

For  fixed  m,  n  4  0  and  if  p  -►  1,  a  4  0  such  that  e  ~  (1  -  P)-*~0 
we  have 


2  2 
a  Y 
n 


2  aW 

-a - - — 


(96) 


Substituting  (96)  in  (92)  gives  the  following  results; 


C  ~  0(£^) 
mn  '  ' 

C  ~  O(e^) 
mn 


mn 


m,  n  4  0 

m  4  0,  n  =  0 
m  =  n  =  0 


Similarly  for  a  -►  0,  p  4  1  e  -►  0 , 


C  ~  0(e^)  for  all  m  and  n, 
mn  ' 

Furthermore,  for  large  n  0(  ^  )  for  either  one  of  the  indices  while 

1^1 

the  other  is  fixed  or  U  ~0(-s  x-s)  when  both  m  and  n  are  large. 


For  large  x  ,  U  ~  -= - = — ^ ^  .  The  roots  of  the  quantity  in 

x3[coth(p-l)x^-p23 

4|  TO  TlTf 

bracket  are  located  at  x  =  (  coth”  p  +  i  j  ) .  n  =  0,  +  1,  +  2  , , .  . 
If  p  <  1  it  can  be  seen  the  bracketed  tern  will  never  be  zero. 
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Appendix  (ii):  The  Solution  of  the  Infinite  Set  of  Equations. 

The  infinite  set  of  equations  in  (I4.3),  (iiU)  can  be  written  as, 

b  »l+r  c  b  -i  2  ^n^on®on^n  , 
o  00  00  o  n=l  * 

ta 

b  “ioo  [-Ybc  +—  ^^Yv'bc  1, 
n  n  '■  o  o  no  tr  ni=l  m  m  m  run-'  * 


where 


J„(9„b) 


00  a 

Tra  log  ^ 


This  infinite  set  of  equations  may  be  solved  by  iteration.  For  the  case  when 
p  -•-1,  CT  '}“  0,  6  0,  and  if  in  the  first  approximation  we  neglect  terms 
with  coefficients  greater  than  0(6), we  have. 


o  l-r„«c„„ 
00  00 


For  the  second  approximation  we  neglect  all  terms  with  coefficients  greater 
than  0(5^)  and  using  (99)  we  get. 


c  Y 

b  =-ix.  noJo. 
n  n  1-r  c 
00  00 


(100) 


where  ~  0(6"  ),  n  >l  and  c^^  ~  ©(s^)  .  Replacing  (lOO)  in  (97)  we 
obtain  the  second  approximate  value  for  b^  , 

b  ^-,.-12 - -  I 

°  &-''oo“oo) 


00  00' 
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In  the  second  terra  of  equation  (lOl),  if  it  is  permissible  to  change  the  order 
of  summation  and  integration  we  obtain. 


®  2  2 

'n  on  n  on  22  ,  a 
n=l  Tt  a  log  r 


fOO^OO 

Iff 

Jff  J  0 


dXdM-  “ 


where 


n 


n 


n 


(102) 


For  n  »1,  ik  ~  and  thus  for  a  fixed  e  ,  F  -  0(  .  We  can  see 

n 

that  the  series  converges  quite  rapidly.  Having  obtained  b  and  b  we  can 

o  n 

use  these  values  in  ($8)  and  get  a  more  accurate  value  for  b^. 


n 


jiO  Y 

n‘o 

1-r  c 
00  00 


-c  + 
no 


1  If 

m 


^on°om 


tra  log  f  O"'. 


.) 


we  can  repeat  the  whole  process  until  the  difference  between  successive 
approximations  become  negligibly  smsQl, 
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Appendix  (iii):  An  Alternative  Method  to  Obtain  and  . 


If  we  substitute  (I4I)  and  (U2)  in  (1|0)  we  get. 


ill 


00 

b  si-  — ± _  I  .  ^  ). 

°  a  10.  ^  I 


dX  , 


and 


b  =  I  dx 

n  J  (a  a)  I  ,  2  2  * 

""“h^nn  °  Jq  V°n 


ob 


Replacing  these  in  (3U),  we  obtain  an  integral  equation  for  ?(X), 


where 


C(X)  I(X)  “«  d^^(X)  + 


I  ?(x')  Q(X,X 

Jn 


)  dX  , 


and 


n 


•n 


ir. 


cl  ^ 

aiT  log  ^ 

2i  ^ 

V  ^ 

m 

arr  ^n 

V  -1 
m 

2iT„ 

air 

> 

1 

2  ^2 

For  the  case  when  p  -►  1,  a  f  0  and  e  -♦  0,  if  we  neglect  terms 
greater  than  0(6°),  Q(X,  x')  becomes 


Q(X,X')  =  d^^^(X)  ^^(x')  +  0(6^) 


(103) 


(lOli) 

i.e. 

(105) 


of  order 

(106) 
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Putting  (106)  in  (105)  we  obtain. 


^„(X) 

[d.d^ 


C(x')  ^q(x')  dX  ]  . 


(107) 


Multiply  (107)  by  Jj;  (X)  and  integrate  it  from  zero  to  infinity,  gives 

O  /VsO 


ftP 

I  ccx* 

■Jr\ 


)  ^o(X  )  dx 


r- 


d  ^„(X)/l(X)dX 


^(X)/l(X)dX 

A 


(108) 


and  hence. 


J  (X)  dd  i^  fx)  1^0 

«X)  .  d  -2—  »  -2-2 - ±— 


a 


(X)/I(X)  dX 


i(x)  i(x)  ^  ^  ^ 


(109) 


If  we  use  (109)  to  find  b^  ,  we  get  the  same  result  as  was  found  in  (1+6), 
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Appendix  (iv);  Solution  of  this  Problem  in  the  absence  of  Dielectric. 

If  in  Fig,  (l),  we  let  =  Sg  and  «  IXg  ,  the  problem  reduces  to 
that  solved  by  V.  M.  Papadopoulos  [3]  >  and  \inder  the  above  conditions  we  can 
show  that  the  results  of  this  problem  agree  with  Papadopoulos.  For  this  purpose 
we  will  try  to  derive  equation  (28)  of  [3]  from  our  equation  (63)  by  letting 
“  Cg  *  The  only  fiinction  undergoing  appreciable  change  is  the  function  I(X) 
given  by  (30),  When  »  Sg  ,  =  kg  *  k  «*  V^k^-X^  and  I(X)  becomes, 


I(X) 


(k’a) 

k'H^^^(k‘a) 


c  (k  a) 
o'  ' 

k  c^(k  a) 


(no) 


where 

and 

c^(k'a)  =  J^(k'a)  T^(k'b).  -  J^dcb)  T^(k'a)  . 
The  Wronskian  relation  for  the  pair*  H^^^(k'r)  and  c^(k*r)  is, 


H^^^(k'r)C^(k'r)  -  ’  (k'r)Cjk‘r)  =  -  -^  H^^^(k'r)  .  (Ill) 

trk  r 

Using  (111),  (no)  becomes. 


I(X)  - 


2  1 

ffk  ^a  H^^^(k'a)  C  (k’a) 
o  o 


(112) 


In  (n2),  replace  k  by  ksin  B  and  substitute  this  in  the  expression  for 
gl(k2Cos0),  then  (61+)  becomes. 
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H^~  const 


e 


ikR 


Sine 

H^^^(kb  sine) 


J^(ka  sine)  Y^Ckb  sine)  - 


J^(kb  sine)  YjjCka  sine) 


b)/j  (a  a) 
Z  n  n  n  "  o  n  ' 
o  o 

Y  -  k  cose 
n 


(113) 


This  result  corresponds  to  that  derived  by  Papadopoulos ,  Instead  of 
exp(-ikR)/H^^^(kb  sine)  we  have  exp(ikR)/H^^^(kb  sine)  since  we  have  assumed 
e3ip(^lcct)  time  dependence  instead  of  exp(lut). 
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Appendix  (v);  Non  Existence  of  Coaxial  Modes  in  Region  (2). 

In  Sec.  Ill,  the  Function  F  in  equation  OS)  was  expanded  in  terms  of  the 

coaxial  eigen  vectors  <p  .  (a  r) .  ¥e  can  now  show  that  these  modes  are  cancelled 

oi  n 

by  the  residues  of  the  integral  in  (20),  Substitution  of  the  expression  for 
€(X)  into  (20)  results  in. 


♦s  -  S 


ib  <P  e 
n  on 


iYnz 


2i 


atr 


.iYz 


4^(k^a)  l(X)(l(^-x2) 


( r  h  ^n  IT  ^0^0  \ 

\  n  YT^‘^Yg.^2  }  • 


(iiU) 


The  terms  in  brackets  have  poles  at  X  =  for  n  =  0,  1,  2,  ^ 

zero  while  I(X)  has  poles  at  these  points..  As  a  result  the  integrand  has 
simple  poles  at  X  =  for  n  =  0,  1,  2,  ...  .  Transforming  the  integral  to 


a  contour' integral  similar  to  Fig.  (I|),  we  obtain. 


21 

n=0  "n 


R_  +  Z  Residue  of  other  Points  -  ■  , 


(115) 


oo 


where  R^  is  the  residue  due  to  pole  Y^  .  By  simple  manipulation  we  find 

R  to  be, 
n  ' 


R  =  _  If-  b  <p  (a  r)e"-'n2 
n  2i  n  on'  xC  ' 


(116) 


Putting  (ll5)  in  (llU)  cancels  all  modes 
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Appendix  (vi)  Calculation  for  l/l^  <, 

In  Sec.  IX  we  found. the  admittance  of  the  antenna  looking  into  the  half 


space  to  be^ 


T  2  *  ^ 

o 


For  the  first  approximation  neglecting  all  terms  with  index  n>l  we  get,  9 


X  _ O 

1  «  a 


(117) 


or  substituting  for  a^  from  (h7)i>  we  obtain 


ir®  logg  5 


(118) 


a  Re  c 


«1  + 


w  log  g; 


(119) 


To  find  ^  we  have  to  calculate  the  value  of  c^^j  from  the  expression  in  (U5) 
The  integral  c^^  is  divided  into  three  ranges  vizs  0<X<^o  ^  paeX^o  and 
o<  X<«?,  since  in  each  of  th©  regions  the  integrand  is  con5>letely  different 
from  the  other  regions o  For  this  calculation  the  real  and  the  imaginary  parts 


of  the  integrand  of  c 


were  programmed  on  the  IBM  6^0  computer,  the 


results  plotted  on  graph  paper,  and  the  area  under  the  ouxves  measured  by  a 

planlraetero  At  the  two  simple  poles  of  the  integrand,  the  integrand  was 

expanded  in  Laurent  series  and  the  principal  part  ms  calculated®  The  accuracy 

of  the  graphs  ^  in  Figs®  (6)  and  (?)  greatly  depend  upon  the  accuracy  of  the 
^0 
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measurement  of  the  area  by  the  planemeter.  However  the  curve  for  Ee 
against  p  is  quite  accurate. 
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National  Security  Agency 
Washington  2^,  D.C. 

Attns  R/D  (331) 

Office  of  Technical  Services  2 

Department  of  Commerce 
Washington  2^,  D.C. 

Attns  Technical  Reports  Section 

AFCRL,  Office  of  Aerospace  Research  (CRRELT)  10 

L.  G.  Hanscom  Field  . 

Bedford,  Massachusetts 

AFCRL,  Office  of  Aerospace  Research  (CRHD)  3 

Attn;  Carlyle  J.  Sletten  -  .  . 

L.  G.  Hanscom  Field 
Bedford,  Massachusetts 

AFCRL,  Office  of  Aerospace  Research  (CRRD)  2 

Attns  Contract  Files 
L.  G.  Hanscom  Field 
Bedford,  Massachusetts 


AF-4561/10 


List  S-S  -  Page  ^ 


Code 

Organization 

No.  of 

M 

Hq.  AFCCDD  (CCRRC,  Capt,  John  J.  Hobson) 
L.  G.  Hans com  Field 

Bedford,  Massachusetts 

1 

H  ^9 

AFCCDD 

L.  G.  Hanscom  Field 

Bedford,  Massachusetts 

1 

G  116 

NASA  (Dr.  R.  Y.  Hess) 

NASA  Langley  Research  Center 

Hampton,  Virginia 

1 

N  1 

Director,  Avionics  Division  (AV) 

Bureau  of  Aeronautics 

Department  of  the  Navy 

Washington  2^,  D.C, 

1 

N  16 

Commander 

TJ.'  S.  Naval  Air  Missile  Test  Center 

Point  Mugu,  California  . 

A-ttn;  Code  366 

1 

N  27 

Librarian 

U.  S,  Naval  Postgraduate  School 

Monterey,  California 

1 

N  29 

Director 

D.  S,  Naval  Research  Laboratory 
Washington  2^,  D.C,  . 

Attn;  Code  2027 

2 

N  30 

Dr.  J.  I.  Bohnert,  Code  ^210 

U.  S.  Naval  Research  Laboratory 
Washington  25}  D.C, 

1 

N  37 

Chief  of  Naval  Research 

Department  of  the  Navy 

Washington  25}  D.C* 

Attn:  Code  42? 

1 
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Code 


Organization 


N  U8 

N  85 

N  86 

N  88, 

N  91 

N  lUl 

N  73 

I  1 

I  388 


Coimnanding  Officer 
Ul  S.  Haval  Air  Development  Center 
Johns ville,  Pennsylvania 
Attn:  NADC  Library 

Commanding  Officer  and  Director 

U.  S.  Navy  Electronics  Laboratory  (Library) 

San  Diego  52,  California 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Surface  Guided  Missile  Branch 
Washington  25,  D.C, 

Attn:  Code  ReSl-e 

Department  of  the  Navy 
Bureau  of  Aeronautics 
Technical  Data  Division,  Code  1:106 
Washington  ,25,  D.C, 

Commander 

U,  S,  Naval  Air  Test  Center 
Patuxent  River,  Maryland 
Attn:  ET-315,  Antenna  Branch 

ARDC  Regional  Office 
c/6  Department  of  the  Navy 
Room  .l:5U9,  Munitions  Building 
Washington  25,  D.C. 

Office  of  Naval  Research 
Branch  Office,  London 
Navy  100,  Box  39 
F,  P.  0.  New  York,  New  York 

Airborne  Instruments  Laboratory,  Inc, 
Division  of  Cutler  Hammer 
Walt  Whitman  Road 
Melville,  L.  I.  New  York 
Attn:  Library 

Aircom  Inc. 

351+  Main  Street 
Winthrop,  Massachusetts 


Qf  Copies 

1 

1 

1 

1 

1 

1 

10 

1 
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Code 
I  37h 

I  20^ 

I  8  . 

I  k69 

I  13 

I  940 

I  247 

I  248 

AF-4561/10 


Organization 


No«  of  Copies 


ACF  Industries,  Inc,  1 

Southeast  Comer,  ^2nd  Avenue  and 
Jackson  Street 

Bladensburg,  Prince  George’s  County 
Maryland  -  * 

Attn;  Librarian 

Battelle  Memorial  Institute  1 

5o5  King  Avenue 
Columbus  1,  Ohio 

Attn:  Wayne  E.  Rife,  Project  Leader 
Electrical  Engineering  Division 

Bell  Aircraft  Corporation  1 

Post  Office  Box  One 

Buffalo  New  York 

Attn;  Eunice  P.  Hazelton,  Librarian 

Bell  Telephone  Laboratories  1 

Mirray  Hill 
New  Jersey 

Bell  T^ephone  Laboratories,  Ihc,  1 

Whippany  Laboratory 

Whippany,  New  Jersey 

Attn:  Technical  Information  Library 

Aerospace  Corp.  1 

Box  95085 

Los  Angeles  1^5,  California 
Attn;  Library 

Bendix  Radio  Division  1 

Bendix  Aviation  Corporation 

E,  Joppa  Road 

Towson  4,  Maryland 

Attn;  Dr,  D.  M.  Allison,  Jr. 

Director  Engineering  &  Research 

Bjorksten  Research  Laboratories,  Inc.  1 

P.  0.  Box  265 
Madison,  Wisconsin 
Attn;  Librarian 


TEOHNIOAL  LIBBAEY 
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Code 
I  2k9 


I  892 


I  253 


I  U7d 


I  918 


I  919 


I  126 


I  2^k 


Organization 


No«  of  Copies 


Boeing  Airplane  Company  2 

Pilotless  Aircraft  Division 

P.  0.  Box  3707 

Seattle  2)4.3  Washington 

Attn:  R.  R.  Barber,  Library  Supervisor 

Boeing  Airplane  Goitpany  1 

775^  East  Marginal  Way 
Seattle  2li,  Washington 
Attn:  Mr.  D,  L,  Scidmore 

Chance  Vought  Aircraft,  Inc.  1 

931U  West  Jefferson  Street 
Dallas,  Texas 

Attn:  A.  D,  Pattullo,  Librarian 

Chu  Associates  1 

Po  0.  Box  387 
Whitcomb  Avenue 
Littleton,  Massachusetts 

Collins  Radio  Conpany  1 

35th  Street,  N.E. 

Cedar  Rapids,  Iowa 
Attn:  Dr.  R,  L„  McCreary 

Collins  Radio  Conpany  1 

1200  North  Alma  Road 
Richardson,  Texas 
Attn:  C.  D,  Tipton 

Convair,  A  Division  of  General  Dynamics  Corp.  1 
Fort  Worth,  Texas 
Attn:  K.  G.  Brown 

Division  Research  Librarian 

Convair,  A  Division  of  General  I^amics  Corp,  1 
2165  Pacific  Highw^ 

San  Diego  12,  California 
Attn:  Mrs,  Dora  B,  Burke 

Engineering  Librarian 
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I  25 

I  255 

I  28 

I  257 

I  258 

I  259 

I  187 

I  ia5 
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Organization 


No«  of  Copies 


Cornell  Aeronautical  Laboratory,  Inc.  1 

liU55  Genesee  Street 
Buffalo  21,  New  York 
Attn:  Librarian 

Dalmo  Victor  Compare  1 

A  Division  of  Textron,  Inc . 
l5l5  Industrial  Way 
Belmont,  California 

Attn:  Mary  Ellen  Addems,  Technical  Librarian 

Dome  and  Margolin,  Inc,  1 

29  New  York  Avenue 

Westbury,  Long  I^and,  New  York 

Douglas  Aircraft  Co.,  Inc,  1 

827  Lapham  Street 
El  Segundo,  California 
Attn:  Engineering  Library 

Douglas  Aircraft  Coii5)any,  Inc,  1 

3000  Ocean  Park  Boulevard 
Santa  Monica,  California 
Attn:  Peter  Duyan,  Jr. 

Chief,  Electrical/Electronics  Section 

Douglas  Aircraft  Coitpany,  Inc.  1 

2000  North  Memorial  Drive 
Tulsa,  Oklahoma 

Attn;  Engineering  Librarian,  D-250 

Electromagnetic  Research  Coip oration  1 

5001  College  Avenue 
College  Park,  Maryland 
Attn;  Mr,  Martin  Katzin 

Electronica  Communication  1 

1830  York  Road 
Timonium,  Maryland 


af-)-i-56i/io 
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Code 

I  299 

I  262 

I  1U7 

I  26i| 

I  266 

I  269 

I  793 

I  893 
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Ho,  of  Copies 


Electronic  Specialty  Coii5)any  1 

5121  Sah  Fernando  Road 
Los  Angeles  39®  Galif®snia 
Attns  Donald  Lo  Margeruin 

Chief  Engineer,  Radiating  Systems  Division 

Emerson  Electric  Mfg.  Co,  1 

8100  West  Florissant  Avaine 

St,  Louis  21,  Missouri 

Attns  Mr.  E„  E„  Breslin,  Librarian 

Emerson  Radio-Phonogr^h  Corp,  1 

Emerson  Research  Laboratories 
701  Lament  Street,  N,¥. 

Washington  10,  D.C. 

Attn:  Mrs,  R,  Corhin,  Librarian 

Fairchild  Aircraft^Missiles  Division  1 

Fairchild  Eng.  and  Airplane  Corp, 

Hagerstown,  Maryland 
Attns  Library 

Federal  Telecommunication  Laboratories  1 

500  Washington  Avenue 
Nutley  10,  New  Jersey 
Attns  Technical  Library 

General  Electric  Company  1 

Electronics  Park 
Syrcause,  New  Xorfc 
Attns  Documerits  Library 

B„  Fletcher,  Building  3-li^3A 

General  Electric  Conpany  1 

Missile  and  Space  Vehicle  Department 
3198  Chestnut  Street  * 

Philadelphia,  Pennsylvania 
Attns  Documents  Library 

General  Electric  Conpany  1 

3750  D  Street 

Philadelphia  2U,  Pennsylvania 
Attn:  Mr.  H,  G,  Lew 

Missile  and  Space  Vehicle  Department 
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Code 

I  270 

I  ii8 

I  khB 

I  737- 

I  207 

I  56 

I  265 

I  230 
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Organization 


General  Precision  Laboratory,  Inc. 
63  Bedford  Road 
Pleasantville,  New  York 
Attn:  Librarian 

Goodyear  Aircraft  Corp. 

1210  Massillon  Road 

Akron  l5,  Ohio 

Attn:  Library,  Plant  G 

Granger  Associates 

Electronic  Systems 

9714.  Commercial  Street 

Palo  Alto,  California 

Attn:  John  Y.  N.  Granger,  President 

The  Hallicrafters  Co, 

5th  and  Kostner  Avenues 
Chicago  2I4,  Illinois 
Attn;  Henri  Hodara,  Head  of 
Space  Communication 

Hughes  Aircraft  Con^pany 
Antenna  Department 
Building  12,  Mail  Station  27114 
Culver  City,  California 
Attn;  Dr,  ¥.  H.  Kummer 

Hughes  Aircraft  Company 
Florence  Ave,  and  Teale  Streets 
Culver  City,  California 
Attn:  Louis  L,  Bailin 

Manager,  Antenna  Department 

ITT  Laboratories 
3700  East  Pontiac  Street 
Fort  Wayne  1,  Indiana 
Attn:  Technical  Library 

Jansky  and  Bailey,  Inc. 

1339  Wisconsin  Avenue,  N.W, 
Washington  7,  D.C. 

Attn:  Mr.  Delmer  C,  Ports 


No.  of  Copies 

1 

1 

1 

1 

1 

1 

1 

1 
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I  2hX  Dr.  Henry  Jasik,  Consulting  Engineer  1 

298  Shames  Drive 
Brush  Hollow  Industrial  Park 
Westbury,  New  Toric 

I  279  Lockheed  Aircraft  Corporation  1 

2555  N.  Hollywood  Way 
California  Division  Engineering  Libraiy 
Department  72-25,  Plant  A-1,  Building  63-1 
Burbank,  California 
Attn:  N.  C.  Hamois 

I  U68  Lockheed  Aircraft  Corporation  1 

Missile  Systems  Division  Research  Library 
Box  50li,  Sunnyvale,  California 
Attn:  Miss  Eva  Lou  Robertson,  Chief  Librarian 

I  136  The  Martin  Company  1 

P.  0.  Box  179 
Denver  1,  Colorado 
Attn:  Mr,  Jack  McCormick 

I  280  The  Martin  Company  1 

Baltimore  3,  Ifeiyland  ' 

Attn:  Engineering  Library 
Antenna  Design  Group 

I  282  McDonnell  Aircraft  Corporation,  Dept,  66U  1 

Box  516 

St.  Louis  66,  Missouri 
Attn:  C.  E.  Zoller 

Engineering  Library 

I  116  Melpar,  Inc.  1 

3000  Arlington  Boulevard 
Falls  Church,  Virginia 
Attn:  Engineering  Technical  Library 

I  6U8  The  Mitre  Corporation  1 

2UU  Wood  Street 
Lexington  73,  Massachusetts 
Attn:  Mrs.  Jean  E.  Claflin,  Librarian 
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Code 
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I  93h 


I  61a 


I  281t 


I  285 


I  82 


I  286 


I  287 


I  225 


Motorola,  Ine ,  1 

Phoenix  Research  Laboratory 

3102  No  56th  Street 

Phoenix,  Arizona 

Attn;  Dr.  A.  L.  Aden 

National  Research  Council  1 

Radio  &  Electrical  Engineering  Division 
Ottawa,  Ontario,  Canada 
Attn;  Dr,  G„  A.  Miller,  Head 
Microwave  Section 

North  American  Aviation,  Inc.  1 

1221Ii  Lakewood  Boulevard 
Downey,  California 

Attn;  Technical  Information  Center  (1^95-12) 
Space  and  Information  Systems  Division 

North  American  Aviation,  Inc.  1 

Los  Angeles  International  Airport 
Los  Angeles  I4.5,  California 
Attn;  Engineering  Technical  File 

Northrop  Corporation  1 

Nor air  Division 
1001  Eo  Broadway 
Hawthorne,  California 

Attn;  Mr,  E.  A,  Freitas,  Library  Dept.  3lU5 

Page  Communications  Engineers,  Inc,  1 

2001  Wisconsin  Avenue,  N.W, 

Washington  7s  D.C, 

Attn;  (Mrs.)  Ruth  Ten^jle,  Librarian 

Philco  Corporation  1 

C  and  Tioga  Streets 
Philadelphia  3ii,  Pennsylvania 
Attn;  Mrs,  Dorothy  B.  Collins 
Research  Librarian 

Pickard  and  Burns,  Inc.  1 

2^0  Highland  Avenue 
Needham  9hs  Massachusetts 
Attn;  Dr.  Richard  H.  Woodward 


AF-4561/10 
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Organization 


No.  of  Copies 


I  288 


I  232 


I  289 


I  91k 


I  290 


I  291 


I  757 


I  789 


Polytechnic  Research  &  Development  Co.  Inc.  1 

202  TiUary  Street 
Brooklyn  1,  New  York 
Attn:  Technical  Library 

Radiation  Engineering  Laboratory  1 

Main  Street 

Maynard,  Massachusetts 

Attn:  Dr.  John  Ra2e 

Radiation,  Inc.  1 

P.  0,  Drawer  37 
Melbourne,  Florida 

Attn:  Technical  Library,  Mr.  M.  L.  Cox 

Radiation  Systems,  Inc. 

14^0  Swann  Avenue 
Alexandria,  Virginia 
Attn:  Library 

RCa  Laboratories 
David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attn:  Miss  Fern  Cloak,  Librarian 

Radio  CoiT>oration  of  America  1 

Defense  Electronic  Products 
Building  10,  floor  7 
Camden  2,  New. Jersey 

Attn:  Mr.  Harold  J.  Schrader,  Staff  Engineer 
Organization  of  Chief  Technical 
Administrator 

Radio  Corporation  of  America  1 

Surface  Communications  Systems  Laboratory 
75  Varick  Street 
New  York  13,  New  York 
Attn:  Mr.  S.  Krevsky 

Radio  Corporation  of  America  1 

West  Coast  Missile  and  Siirface  Radar  Division 

Engineering  Library,  Building  306/2 

Attn:  L.  R.  Hund,  Librarian 

8500  Balboa  Boulevard 

Van  Nuys,  California 


1 


1 
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I  930 

I  292 

I  5U7 

I  373 

I  29k 

I  h72 

I  295 

I  1U2 
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Orgarilzatlon 


Radio  Corporation  of  America  1 

Defense  Electronic  Products 

Advanced  Military  Systems 

Princeton^  New  Jersey 

Attn:  Mr,  David  Shore 

Director,  USAF  Project  RAND  1 

Yia;  AF  Liaison  Office 

The  Rand  Corporatiop 

1700  Main  Street 

Santa  Monica,  California 

The  Rand  Corporation  1 

1700  Main  Street 

Santa  Monica,  California 

Attn;  Technical  Library 

Rantec  Corporation  '  1 

23999  Ventura  Boulevard 

Calabasas,  California 

Attn;  Grace  Keener,  Office  Manager 

Raytheon  Company  1 

Wayland  Laboratory 

Wayland, .Massachusetts 

Attn:  Miss  Alice  G,  Anderson,  Librarian 

Raytheon  Conpany  1 

Missile  Systems  Division 

Hartwell  Road 

Bedford,  Massachusetts 

Attn;  Donald  Ho  Archer 

Republic  Aviation  Corporation  1 

Farmingdale,  Long  Island,  New  York 
Attn;  Engineering  .Library 

Sanders  Associates,  Inc,  1 

95  Canal  Street 
Nashua,  New  Hampshire 
Attn;  Mr,  Norman  R,  Wild 
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Organization 

No. 

of  Copies 

I  96 

Sandia  Corporation,  Sandia  Base 

P.  0.  Box  5800 

Albuquerque,  New  Mexico 

Attn;  Classified  Document  Division 

1 

I  ^k6 

Sandia  Corporation 

Attn;  Organization  ll;23 

Sandia  Base 

Albuquerque,  New  Mexico 

1 

I  682  . 

Scanwell  Laboratories,  Ihc, 

6601  Scanwell  Lane 
^ringfield,  Virginia 

1 

I  312 

Space  Teclmology  Laboratories,  Jnc, 

P.'  0.  Box  95001  . 

16s  Angeles  U5,  Califottiia 

Attn;  Technical  Information  Center 
Document  Procurement 

1 

I  297 

Slperry  Gyroscope  Congjany 

Great  Neck,  Long  Island,  New  Tork 

Attn:  llorence  ¥,  Turnbull 

Engineering  Librarian 

1 

I  367 

Stanford  Research  Institute 

Documents  Center 

Menlo  Park,  California 

Attn;  Acquisition 

1 

I  10k 

Syivania  Electric  Products,  Inc, 

100  First  Avenue 

Waltham  5U,  Massachustts 

Attn;  Charles  A.  Thornhill,  Report  Librarian 
Waltham  Laboratories  Library 

1 

I  818 

Syivania  Reconnaissance  Systems  Lab. 

Box  188 

Mountain  View,  Calif  oraia 

Attn;  Marvin  D,  Waldman 

1 
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Organization 


TRG,  Inc , 

2  Aerial  Way 

Syosset,  New  York 

Attn:  M.  L.  Henderson,  Librarian 

A,  S.  Thomas,  Inc, 

355  Providence  Highway 
Westwood,  Massachusetts 
Attn:  A.  S.  Thomas,  President 

Texas  Instruments,  Inc. 

6000  Lemmon  Avenue 
Dallas  9^  Texas 
Attn:  John  B.  Travis 

Systems  Planning  Branch 

Westinghouse  Electric  Gorp, 

Electronics  Division 
Friendship  Int'l  Airport  Box  1897 
Baltimore  3^  Maryland 
Attn:  Engineering  Library 

Brown  University 

Department  of  Electrical  Engineering 
Providence,  Rhode  Island 
Attn:  Dr.  C,  M.  Angulo 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
it800  Oak  Grove  Drive 
Pasadena,  California 
Attn:  Mr,  I,  E,  Newlan 

California  Institute  of  Technology 
1201  E,  California  Street 
Pasadena,  California 
Attn:  Dr,  C,  Papas 

Space  Sciences  Laboratory 
Leuschner  Observatory 
University  of  California 
Berkeley  h,  California 
Attn;  Dr.  Samuel  Silver,  Professor  of 
Engineering  Science  and  Director, 
Space  Sciences  Laboratory 
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University  of  California 
Electronics  Research  Lab, 

332  Cory  Hall 
Berkeley  U,  California 
Attn:  J.  R.  Whinnery 

University  of  Southern  California 
University  Park 
Los  Angeles,  California 
Attn:  Dr.  Raymond  L.  Chuan 

Director,  Engineering  Center 

Case  Institute  of  Technology 
Electrical  Engineering  Department 
10900  Euclid  Avenue 
Cleveland,  Ohio 

Attn:  Professor  Robert  Plonsey 

Columbia  University 
Department  of  Electrical  Engineering 
Morningside  Heights,  New  York,  New  York 
Attn:  Dr,  ScKLesinger 

University  of  Southern  California  1 

University  Park 

Los  Angeles  7,  California 

Attn;  Zo  A,  Kaprielian 

Associate  Professor  of  Electrical 
Engineering 

Cornell  University  1 

School  of  ELectrd-cal  Engineering 

Ithaca,  New  York 

Attn;  Professor  G.  G,  Dalman 

University  of  Florida  1 

Department  of  Electrical  Engineering 
Gainesville,  Florida 
Attn:  Professor  M.  H.  Latour,  Library 


1 


1 


1 


1 
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U  59 

I 

II  102 

U  103 

U  loll 

U  169 

U  2U0 

U  22 


Organization 


Library 

Georgia  Technology  Hesearch  Institute 
Engineering  Ejqieriment  Station 
722  Cherry  Street,  N.W, 

Atlanta,  Georgia 

Attn:  Mrs.  J.  H.  Cr os land.  Librarian 

Harvard  University 
Technical  Reports  Collection 
Gordon  McKay  Library 
303  Pierce  Hall 
Oxford  Street 

Cambridge  38,  Massachusetts 
Attn:  Librarian 

University  of  Illinois 
Documents  Division  Library 
Urbana,  Illinois 

University  of  Illinois 
College  of  Engineering 
Urbana,  Illinois 

Attn:  Dr.'P,  E.  Mayes,  Department  of 
Electrical  Engineering 

Illinois  Institute  of  Technology 
3301  S,  Dearborn  Street 
Chicago  l6,  Illinois 
Attn;  Dr.  George  I.  Cohn 

Illinois  Institute  of  Technology 
Technology  Center 

Department  of  Electrical  Engineering 
Chicago  l6,  Illinois 
Attn;  Paul  C.  Yuen 

Electronics  Research  Laboratory 

The  John  Hopkins  University 
Homewood  Campus 
Baltimore  18,  Maryland 
Attn:  Dr.  Donald  E.  Kerr 

Department  of  Physics 


No,  of  Copies 

1 

1 

1 

1 

1 
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Organization 


The  John  Hopkins  University  1 

Applied  Physics  Laboratory 

8621  Georgia  Avenue 

Silver  Spring,  Maryland 

Attn:  Mr,  George  L,  Seielstad 

University  of  Kansas  1 

Electrical  Engineering  Department 
Lawrence,  Kansas 
Attn;  Dr,  H.  Unz 


Lowell  Technological  Institute  1 

Research  Foundation 

P.  0.  Box  709 

Lowell,  Massachusetts 

Attn;  Dr.  Charles  R.  Mingins 

Massachusetts  Institute  of  Technology  1 

Research  Laboratory  of  Electronics 

Building  26,  Room  327 

Cambridge  39 >  Massachusetts 

Attn;  John  H.  Hewitt 

Massachusetts  Institute  of  Technology  1 

Lincoln  Laboratory 
P.  0.  Box  73 

Lexington  73,  Massachusetys 
Attn;  Mary  A,  Granese,  Librarian 

McGill  University  1 

Montreal,  Canada 

Attn;  Professor  G,  A.  Woonton 

Director,  The  Eaton  Electronics 
Research  Laboratory 

University  of  Michigan  1 

Electronic  Defense  Group 

Engineering  Research  Institute 

Ann  Arbor,  Michigan 

Attn;  J.  A.  Boyd,  Supervisor 

University  of  Michigan  1 

Engineering  Research  Institute 

Willow  Run  Laboratories,  Willow  Run  Airport 

Ypsilanti,  Michigan 

Attn;  Librarian 
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U  108 

U  19h 

u  39 

U  96 

TJ  78 

U  109 

U 

U  18^ 


University  of  Minnesota  1 

Minneapolis  lU^,  Minnesota 

Attn:  Mr„  Robert  H.  Stumm,  Library 


Physical  Science  Laboratory  1 

New  Mexico  College  of  Agriculture 

and  Mechanic  Arts 

State  College j  New  Mexico 

Attn:  Mr„  H,  W,  Haas 

New  York  University  1 

Institute  of  Mathematical  Sciences 

Room  802,  25  Waverly  Place 

New  York  3,  New  York 

Attn:  Professor  Morris  Kline 

Northwestern  University  1 

Microwave  Laboratories 
Evanston,  Illinois 
Attn:  R„  E,  Beam 

Ohio  State  University  Research  Foundation  •  1 
131li  Kinnear  Road 
Columbus  8,  Ohio 
Attn;  Dr„  T.  E„  Tice 

Department  of  Electrical  Engineering 

The  University  of  Oklahoma  1 

Research  Institute 
Norman,  Oklahoma 

Attn:  Professor  C,  L.  Farrar,  Chainnan 
Electrical  Engineering 

The  Pennsylvania  State  University  1 

Department  of  Electrical  Engineering 
University  Park,  Pennsylvania 

University  of  Pennsylvania  1 

Institute  of  Cooperative  Research 

3l|00  Walnut  Street 

Philadelphia,  Perinsylvania 

Attn:  Department  of  Electrical  Engineering 
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U  97 
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TJ  176 


u  no 


u  309 


TJ  186 


TJ  111 


Polytechnic  Institute  of  Brooklyn  1 

Microwave  Research  Institute 
Johnson  Street 
Brooklyn,  New  Jork 
Attn:  Dr.  Arthur  A.  Oliner 

Polytechnic  Institute  of  Brooklyn  1 

Microwave  Research  Institute 
Johnson  Street 
Brooklyn,  New  Tork 
Attn:  Mr.  A,  E.  Laemmel 

Purdue  TJniversity  1 

Department  of  ElectricsQ.  Engineering 
Lafayette,  Indiana 
Attn:  Dr.  Schultz 

Stanford  University  1 

¥.  ¥.  Hasen  Laboratory  of  Physics 
Stanford,  California 
Attn:  Microiirave  Library 

JSyracuse  University  Research  Institute  1 

Collendale  Campus 
Syracuse  10,  New  York 
Attn:  Dr.  C.  S.  Grove,  Jr. 

Director  of  Engineering  Research 

Technical  University  1 

Oestervoldgade  10  G 

Copenhagen,  Denmark 

Attn:  Professor  Hans  Lottrup  Knudsen 

University  of  Tennessee  1 

Ferris  Hall 
W.  Cmberland  Avenue 
Knoxville  I6,  Tennessee 

The  University  of  Texas  1 

Electrical  Engineerir^  Research  Lab. 

P.  0.  Box  8026 
University  Station 
Atustin  12,  Texas 

Attn;  Mr.  John  R.  Gerhardt,  Assistant  Dlector 
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The  University  of  Texas 
Defense  Research  Laboratory 
Austin,  Texas 

Attn:  Claude  W,  Horton,  Physics  Library 

University  of  Toronto 
Department  of  Electrical  Engr, 

Toronto,  Canada 

Attn:  Professor  G.  Sinclair 

University  of  Washington 
Department  of  Electrical  Engineering 
Seattle  5,  Washington 
Attn:  G.  Held,  Associate  Professor 

University  of  Wisconsin 
Department  of  Electrical  Engineering 
Madison,  Wisconsin 
Attn:  Dr.  Scheibe 
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